The diffusion bypass of 188 Xe between arteries and veins was studied in the brains of anesthetized dogs. A mixture of B1 Cr-labeled red cells and 188 Xe was injected as a bolus into the internal carotid artery. Gas-tight venous samples were taken every 0.4-0.8 seconds from the superior sagittal sinus. An excess of 183 Xe in the early venous blood samples over that expected from blood-tissue equilibration considerations was demonstrated in all the experiments. The excess was most marked in the first samples, and it was enhanced by lowering cerebral blood flow by decreasing the cerebral perfusion pressure to 20-30 mm Hg. We concluded that diffusion bypass of the tissue by 13S Xe is the most likely explanation for these experimental findings. The fraction of the bolus which appeared to bypass the tissue amounted to about 2-3* at the normal perfusion pressure (i.e., normal blood flow) and about 10% at a reduced cerebral perfusion pressure of 20-30 mm Hg (i.e., about half of normal blood flow). We concluded that measurement of cerebral blood flow by a bolus injection of 188 Xe in the internal carotid artery and external detection of the washout is not influenced significantly by the diffusion bypass of 188 Xe in the normal flow range.
Xe in the early venous blood samples over that expected from blood-tissue equilibration considerations was demonstrated in all the experiments. The excess was most marked in the first samples, and it was enhanced by lowering cerebral blood flow by decreasing the cerebral perfusion pressure to 20-30 mm Hg. We concluded that diffusion bypass of the tissue by 13S Xe is the most likely explanation for these experimental findings. The fraction of the bolus which appeared to bypass the tissue amounted to about 2-3* at the normal perfusion pressure (i.e., normal blood flow) and about 10% at a reduced cerebral perfusion pressure of 20-30 mm Hg (i.e., about half of normal blood flow). We concluded that measurement of cerebral blood flow by a bolus injection of 188 Xe in the internal carotid artery and external detection of the washout is not influenced significantly by the diffusion bypass of 188 Xe in the normal flow range.
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• Exchange of gases through the walls of vessels considerably larger than capillaries must be assumed a priori, because no specialized transport mechanisms for gas exist in any vessels. Yet it is equally clear that the linear velocity of blood flow and the vessel surface area relative to blood volume favor the exchange at the capillary-venular level. This consideration has led to the classical point of view that for inert gases exchange through the walls of larger vessels can be disregarded, because complete diffusion equilibrium is established between tissue and blood in the microcirculation (1, 2) . In this paper, we report observations pointing to diffusion between arteries and veins of the inert gas 13S xenon ( 138 Xe) in the circulation of the brain as a whole. This finding confirms the study that Stosseck (3) made on the local level. He showed that hydrogen gas diffused across the wall of small pial arteries and veins on the exposed brain surface. Diffusion bypass by 13S Xe also exists in skeletal muscle (4) and can probably be demonstrated in all organs. The effect of this phenomenon on flow studies with freely diffusible indicators merits consideration.
In the present investigation, the cerebral venous concentrations of two tracers, a vascular tracer and a freely diffusible tracer, were followed after the injection of a mixed tracer bolus into the internal carotid artery of the dog. Erythrocytes labeled with 51 chromiurn ( B1 Cr) were used as the vascular tracer, and 133 Xe was the freely diffusible tracer. A technique for rapid drawing of anaerobic samples from the superior sagittal sinus was also used. The ratio of the diffusible tracer to the vascular tracer was determined in the cerebral venous blood, and the loss out of the vascular compartment of the diffusible tracer was calculated. Studies were performed at normal arterial blood pressure and during a reduction in the cerebral perfusion pressure to 20-30 mm Hg. The experiments at low perfusion pressure were carried out to determine whether decreased blood flow influenced-perhaps enhanced-the evidence for a diffusion bypass.
The common carotid artery was exposed, and a polyethylene catheter (1.5 mm, o.d.) was inserted retrograde through the superior thyroid artery and advanced distally in the common carotid artery so that the tip of the catheter was positioned about 2 cm up into the internal carotid artery.
Using electrocauterization, the sagittal suture was exposed. A bore hole (15 mm in diameter) was made over the superior sagittal sinus to fit a screw bolt with an axial channel equipped with a stopcock (Fig. 1) . Following heparinization (3,700 IU of heparin, iv), the sagittal sinus was incised longitudinally. Through the stopcock an outflow of about 20-40 ml/min from the sagittal sinus was obtained. The sagittal sinus stopcock was connected via a t-tube to a 1.5-m glass tube (2-3 mm, i.d.). The third branch of the t-tube was connected with a latex tube to a reservoir filled with mercury. The latex tube could be closed intermittently by a clamp so that blood samples were divided by mercury drops. This venous sampling system described by Sejrsen and T0nnesen (4) allowed gas-tight sampling of venous blood every 0.5-1 second. The opening and the closing of the clamp was registered by a microswitch connected to a pen recorder. Arterial blood pressure was recorded via a catheter in the femoral artery using an electromanometer (ElemaSchoenander).
A tracer bolus of about 2 ml was injected into the internal carotid artery. The tracer was a mixture of Standards of about 10 ml of arterial blood and 0.3-0.5 ml of the tracer mixture were prepared before tracer injection. Care was taken to avoid any air bubbles during preparation of the standard. The standard was injected into a similar glass tube so that 8-10 standard samples were obtained separated by mercury drops.
Following a study at normal levels of mean arterial blood pressure (90-100 mm Hg), the cerebral perfusion 51 Cr before the third experiment was negligible.
The radioactivity of the samples was counted successively in the long glass tubes by a scintillation crystal (Nal |T1]). The front surface of the probe was covered with a 15 mm thick sheet of lead with a centrally placed hole 15 mm in diameter. The samples in the glass tube were successively placed centrally in front of the hole. The output from the detector was divided into two amplifier-analyzers with sealer printout (Meditronic, Denmark Xe did not influence the counting rate in the 323-kev channel.
THEORETICAL CONSIDERATIONS
The vascular volume in the brain amounts to about 3-5% of the total brain volume (5). The 51 Cr-labeled erythrocytes remain in the vascular volume, whereas the freely diffusible tracer, 1M Xe, rapidly diffuses into the brain tissue, as is seen in Figure 2 . The 81 Cr-labeled erythrocytes appeared in the cerebral venous blood as a fairly compact bolus, whereas the 188 Xe had a much lower venous concentration due to the larger volume of distribution.
Shunting by diffusion is evident if 133 Xe arrives before Cr during the ascending phase of the red cell curve. These two signs were only observed in one experiment in which the relative 183 Xe concentration in the first sample exceeded that of 61 Cr. The absolute counting rates were low in the first sample, but, by continuing the counting, an acceptable counting statistic was nevertheless obtained so that the observation could be considered significant. According to Perl (6) pressure was lowered to 20-30 mm Hg for a few minutes by increasing the cisternal fluid pressure to 50 mm Hg with a cistemal saline infusion and simultaneously lowering mean arterial blood pressure to 70-80 mm Hg by intravenous trimethapan (Arfonad) infusion in a superficial foreleg vein. The infusion of trimethapan (0.2-0.5 mg/min) was controlled by an infusion pump, and the mean arterial blood pressure was recorded during the infusion. At least 1 hour elapsed from the first to the second study to reduce the remaining activity of 183 Xe. The dead space of the venous outflow system was emptied several times before the next study. Prior to the second tracer injection, a new standard was prepared, and three to four samples were taken in the glass tube to determine the remaining activity. In one dog a total of three studies was performed. The remaining activity of The observed R(t) values were compared to R(t) values that were predicted assuming no diffusion bypass in the brain. This prediction was made using two different models. Both models lead to the conclusion that an excess of xenon was observed experimentally in the first samples in all studies, as would be expected if a diffusion bypass existed.
Model of Equilibration over the Capillary Membrane.--In this model the brain is considered to obtain equilibrium with 133 Xe over the capillary membrane. The vascular volume of the brain is about 3-5% (5). The volume of the vessels normally denoted exchange vessels, i.e., the capillaries, is therefore less than 1%, because less than a fifth of the vascular volume of an organ is located in the capillaries (7) . With the solubility of 1S3 Xe in the brain and the blood being about equal (8) equal to the sum of the tissue volume and the capillary volume, i.e., 100%. The model of equilibration thus predicts a dilution of xenon in the tissue on the order of 100 times relative to the concentration it has inside the capillary. This primitive model, which predicts a recovery of
1S3
Xe of only about 1% relative to that of labeled red cells, is only applicable on the steeply ascending curve phase, because it disregards the effect of previous inputs, namely, it assumes that each sample is equilibrated separately in the capillaries. Cr-labeIed red cell curve as the intravascular curve, the estimated 133 Xe concentration obtained from Eq. 1 will be in excess of the true one. But since the observed concentration exceeds even this estimate, which is too high, the error can only bias the results in the direction of minimizing the diffusion bypass effect.
The same comment applies to the effect of interlaminar diffusion (11, 12) , which also results in a delay of the initial part of the expected 183 Xe curve. By normalizing the Cxe t ,, curve to unit area, it is converted to the 7»xe t |, curve. The h Xe(ir curve can be calculated from the biexponential curve recorded with external counting of 1S3 Xe injected as a bolus (13) by differentiating and normalizing to unit area, meaning that age-"' + (2) where a and b are intercepts of an externally recorded 133 Xe clearance curve following a bolus injection. For normotensive studies, we used values that correspond to a relative weight of gray matter of 54%, a gray matter blocd flow of 81 ml/100 g min" 1 (\gray 0.84), and a white matter blood flow of 24 ml/100 g min-1 (Awhite 1.57). These values correspond to an average blood flow of 55 ml/100 g min-1 (13)) and yield = 0.01280e-001 «"
where the time constants are expressed in reciprocal seconds. It should be emphasized that the exact numbers used for mean flow and weights do not influence 7*xe t |, to any appreciable extent.
For studies performed at a reduced perfusion pressure of 20-30 mm Hg, the J»xe tl , curve was obtained in the following way. First we estimated the order of magnitude of the mean cerebral blood flow. According to the study of Haggendal et al. (14) , the cerebral blood flow in the gray matter of the dog is about 30 ml/100 g min- 1 at a perfusion pressure of 20-30 mm Hg. Assuming a normal ratio of gray matter weight to white matter weight of 1 and a ratio of gray by guest on June 8, 2017 http://circres.ahajournals.org/ Downloaded from matter cerebral blood flow to white matter cerebral blood flow of about 3, a gray matter cerebral blood flow of 30 ml/100 g min-1 corresponds to a mean cerebral blood flow of 20 ml/100 g min" 1 . We then analyzed a 133 Xe clearance curve with a mean cerebral blood flow of 22 ml/100 g min" 1 obtained in a comatose human. The biexponential analysis gave a gray matter flow of 45 ml/100 g min- 1 , a white matter flow of 19 ml/100 g min- 1 and a ratio of gray matter weight to white matter weight of 27/73. (Xgray 0.84 and A white 1.57). Thus, 7» Xetis = 0.00423e-0°o9 ' + 0.00106e-o°o 2( .
The expected 138 Xe concentration in venous blood was then calculated according to Eq. 1 using the B1 Crlabeled red cell curve as the intravascular transit curve.
The main result from the in-series model is a prediction of an increasing recovery during the upslope. It should be emphasized that an increasing recovery during the upslope is obligatory if the tissue is "inserted" in series with the blood transit. In each successive sample relatively more xenon will appear in the blood, and the tissue will function as a capacitance accumulating the diffusible tracer during the ascending curve segment. Xenon transport by plasma and interlaminar diffusion both deplete early samples of xenon. Again minimal recovery is predicted in the first samples.
Diffusion along the Capillary Track.-Since the capillary transit time of the red cells is on the order of 1 second, a longitudinal diffusion of 133 Xe in the Krogh tissue cylinder might be considered. Such a "precession" by diffusion would, however, be expected to occur even in the bloodstream itself. Assuming a coefficient of diffusion for 133 Xe of 0.6 X 10-5 cm 2 /sec (15), the mean distance of xenon diffusion per second is less than 100 yxm, i.e., about a tenth of the length of a capillary. 24 Na, a molecule of higher diffusibility in the plasma than xenon, has been shown not to travel ahead of intravascular tracers (12) . It appears therefore that the effect of diffusion along the capillary track, by which 133 Xe molecules travel ahead of the corresponding red cells, is of minimal quantitative importance and that it is completely masked by interlaminar diffusion, resulting in a relative slowing of the first part of the diffusible tracer's outflow curve (12) .
Results
Nine experiments were done in five dogs. Five experiments were performed during normotension and four during a reduction in cerebral perfusion pressure. A control experiment was performed unintentionally in a sixth dog: the catheter slipped out of the internal carotid artery during turning of the dog. Following tracer injection no radioactivity was discovered in venous samples from the first 15 seconds. The position of the catheter was then checked, and it was found to be in the external carotid artery with its tip about 1M cm distal to the site where the internal carotid artery branches off. This experiment demonstrated that isotope contaminated extacerebrally due to reflux or anastomoses did not reach the superior sagittal sinus within the first 15 seconds after tracer injection in this study.
NORMOTENSIVE STUDIES
The experimental recoveries of 183 Xe were about 1035 or more in the initial part of the upslope of the curves. Even the minimal recovery averaged 6% in our five studies during normotension ( Table 1) . The findings were at least sixfold greater than the predicted recovery value of about 1% obtained with the model of equilibration over the capillary membrane.
The in-series model also gave an estimated upslope recovery of about 1% (Fig. 2) , and the discrepancy between experiment and theory was Xe bolus that appeared to bypass the tissue by calculating the area between the experimental and the theoretical venous concentration curves. In the experiment illustrated in Figure 2 , the bypass thus estimated was 2.4%
Both models predicted that the minimal recovery of 138 Xe should be in the first sample. The in-series model even yielded a quantitative estimate of the recovery, which was found to increase from less than 1% to about 1.5* at the peak of the red cell curve. As seen in Figures 2 and 3 , we did not find in any case the predicted increase in recovery during the upslope of the concentration curve. In all five experiments at normotension, the recovery decreased during the upslope to reach its minimal value (about 6%). Figure 2 shows that the minimal recovery was found at peak time.
HYPOTENSIVE STUDIES
The experimental 188 Xe recovery values increased in hypotension. The minimum recovery averaged 9% (Table 1) , i.e., a ninefold increase above the value of 1* predicted by the model of equilibration over the capillary membrane.
The in-series model also gave an upslope recovery on the order of 1% during hypotension (Fig. 4) , and the discrepancy between experiment and theory was hence equally apparent.
In the experiment illustrated in Figure 4 , the area between the measured and the calculated venous
13S
Xe curves was 9.9%. This value constituted a quantitative expression for the diffusion bypass. It is also noted in Figure 4 that the maximum concentration of
1S3
Xe coincided with the maximum concentration of B1 Cr-labeled red cells, contrasting with the prediction of both models of a marked delay in the venous inert gas peak concentration.
The four hypotensive experiments all showed marked decreases in recovery during the upslope of the concentration curve. As shown in Figure 5 , the recovery decreased from about 40% to 10% in contrast to the prediction of a rise in this parameter from less than 1% to about 1.5%. Figure 5 shows that in one of the experiments a recovery exceeding 100% was found initially, i.e., more 188 Xe than 51 Crlabeled red cells was found relative to the concentrations in the injectate.
For both normotensive and hypotensive experiments with both models, an excess of 188 Xe was found in the cerebral venous blood. The excess was most marked in the first samples, and the effect was enhanced by a marked decrease in cerebral blood flow.
Discussion

WHERE DID THE EXCESS XENON IN THE FIRST VENOUS SAMPLES COME FROM?
Three different models, each assuming nonequilibrium of diffusion for xenon, shall be discussed.
(1) One might suggest that equilibrium by diffusion for xenon in a tissue cylinder was not achieved within the first few seconds due to relatively slow diffusion. According to this assumption, lowering cerebral blood flow by reducing cerebral perfusion pressure would favor diffusion equilibrium. We Xe recovery. But again lowering of the cerebral perfusion pressure would favor diffusion equilibrium, and we observed the opposite.
We conclude that none of the models assuming disequilibrium due to slow diffusion in the microcirculation explain both the difference between the experimental and the predicted 138 Xe recovery and the decrease in 133 Xe recovery in the first samples. We are therefore led to conclude that shunting by diffusion is the most likely explanation for the observation of incomplete diffusion equilibrium. This mechanism was shown by Stosseck (3) for hydrogen gas in pial vessels, and it has been discussed for oxygen by Lubbers (17) . Furthermore, it has been suggested for hydrogen and 133 Xe in muscles (18) and shown for 138 Xe in muscles (4) . It has also been discussed for
18S
Xe and labeled water in canine myocardium (19, 20) and for freely diffusible indicators in the kidney (21-23).
IMPLICATIONS OF BYPASS DIFFUSION FOR CEREBRAL BLOOD FLOW MEASUREMENTS
Only 2-3% of a 138 Xe bolus appeared to bypass the tissue in the normal range of blood flow, and this order of magnitude can be considered of no practical importance for estimates of blood flow by the 133 Xe clearance method. Any shunting by diffusion will be flow dependent, that is, the efficiency of the shunt will increase as flow diminishes (20). Accordingly, we found that when cerebral blood flow was only half of normal about 10% of the 183 Xe bolus appeared to bypass the brain tissue. This bypass diffusion might cause underestimation of the initial height of the externally recorded washout curve, because part of the bolus might be cleared before the tissue has been loaded with the whole bolus. Calculation of flow by the height-over-area method consequently might underestimate flow in this situation of delayed input. The initial slope desaturation curves have been shown to be rather insensitive to a delayed input (24). Therefore, the initial slope may be a more convenient tool for calculation of flow than the height-over-area method at low flows.
Initial plateaus and a delayed maximum have been observed in externally recorded 133 Xe clearance curves in brain tumor patients (25) and in patients with acute brain lesions (unpublished observations). The explanation for these curve configurations might be a delayed input of the 183 Xe bolus due to a significant diffusion loss from the arterial blood.
In conclusion, bypass diffusion of xenon is of no practical importance for estimates of cerebral blood flow in the normal flow range. At low blood flow, however, the lss Xe clearance method becomes ambiguous as an indicator of brain blood flow.
